The iso-shunt diagram was introduced in 1973 to simplify the selection of the optimal inspired oxygen concentration in patients undergoing intensive therapy. A further study of 25 patients in a District General Hospital showed that plots of arterial R>2 against inspired oxygen concentration closely follow predicted iso-shunt lines. There was no tignifimm difference in calculated mean values for shunt with inspired oxygen concentrations between 30 and 100%. Results are compared with other studies and it is suggested that some reported discrepancies may be explained by the reduced response of many polarographic electrodes when measuring high values for arterial IKy^.
Ten years ago Benatar, Hewlett and Nunn (1973) introduced the concept of the virtual shunt and the iso-shunt curves which relate arterial FOj to inspired oxygen concentration ( fig. 1 ). This was for the purpose of simplifying selection of the optimal inspired oxygen concentration in patients with intrapulmonary shunting in whom it was not deemed appropriate to pass a flow-guided pulmonary artery catheter for the purpose of formal measurement of the shunt fraction. The virtual shunt, defined as the shunt which would explain the relationship between arterial PCh and inspired oxygen concentration if the arterial-to-mixed venous oxygen concentration difference was 5 vol %, also provides an index of the severity of the pulmonary disorder, and may be useful in assessments of progress and the efficacy of treatment.
Since 1973 a number of publications (see Discussion) have questioned the validity of the assumption that patients with intrapulmonary shunting do, in fact, vary their arterial PCh in response to changing inspired oxygen concentration in the manner which would be predicted from the iso-shunt curves. We have, therefore, undertaken a study of the relationship between arterial PCh and inspired oxygen concentration in 25 patients in our Intensive Therapy Unit set in a District General Hospital, and considered our results in relation to the observations of others who have addressed the problem.
ranging from zero to 50% of pulmonary blood flow. It is assumed that the arterial-to-mixed venous oxygen content difference is 5 vol % (1.96 mmol litre" 1 )-Secondary factors are pH, PC(h, base excess and haemoblobin concentration. The curves have been drawn by computer as a shaded area to include all values of pH between 7.2 and 7.5, PCCh between 3.3 and 5.2 kPa, base excess between -17 and +7 mmol litre" 1 and haemoglobin concentration between 10 and 14g dl" 1 . A different value for the arterial-to-mixed venous oxygen concentration difference moves the relationship from one isoshunt curve to another, but does not alter the shape outside the family of curves shown in figure 1. Therefore, the relationship between PaOj and Flfy may still be predicted even if the arterial-to-mixed venous oxygen content difference is different from the assumed value of 5 vol %, although the numerical value of the shunt will differ.
PATIENTS AND METHODS

Patients
The study, which was approved by the hospital ethics committee, was undertaken on 25 patients (table I) who were being ventilated artificially and had a radial artery catheter inserted for clinical management. In two patients (Nos 2 and 3) in addition, a flotation catheter was already in position in the pulmonary artery.
During the series of measurements, each patient was ventilated at fixed minute and tidal volumes using a Brompton Manley ventilator supplied with an air-oxygen mixture from a Quantiflex mixing device. Throughout each series of measurements, the patient remained supine and received no tracheobronchial toilet or physiotherapy. Following two base-line measurements of blood-gas tensions, the inspired oxygen concentration was increased in steps, at 20-min intervals until the patient was receiving 100% oxygen (the ascending limb). After a further 20 min, oxygen concentration was decreased stepwise at 20-min intervals until the patient was again receiving an inspired oxygen concentration close to the starting value (the descending limb). Twenty-nine sets of measurements were made on the 25 patients.
Measurements
FIO2 was measured at the beginning and end of each 20-min period with a Servomex OA 250 analyser previously calibrated on nitrogen, air and oxygen. At the end of each 20-min period, arterial blood-gas tensions were measured within 1 min of sampling, usually in duplicate, using an IL 613 semi-automatic analyser situated in an adjacent laboratory. When available, mixed venous blood was drawn simultaneously with the arterial sample and blood-gas tensions measured immediately after the arterial sample. A temperature correction (based upon the patient's rectal temperature) was applied (Kelman and Nunn, 1966) .
Since we were measuring arterial Pfy values up to 80 kPa and well outside the limits of the calibration gases (0-11.4 kPa), an assessment of the accuracy of the IL613 under these circumstances was undertaken. Human venous blood samples were equilibrated in an IL 237 tonometer for at least 10 min with various oxygen concentrations in the range 20-80%. The oxygen concentration in the gas phase and the blood Pc^ were then measured using the same apparatus that was used in the clinical studies. Gas cylinders were supplied by Instrumentation Laboratory with a certified oxygen concentration, which we have repeatedly found by Haldane analysis to be correct within ±0.1%. Measurement of the PO2 of the gas phase in the IL 613 gave a linear response throughout the whole range studied. However, this was not the case for blood Pfy. At high values of Po 2 , the displayed PO 2 of the blood increased rapidly, peaked and then decreased to a lower stable value, suggesting the uptake of oxygen into components of the electrode assembly (such as O-rings) or the development of a concentration gradient near the membrane of the polarograph, which is more likely to occur when the reduction at the cathode is increased at high PO2. If, however, blood was manually drawn past the electrode immediately after the displayed PO? was observed to have "peaked", the displayed Po 2 increased to another higher value which would remain stable provided blood continued to be drawn past the electrode. This second plateau was 4-5 kPa above the first observed peak, and lOkPa above the first stable reading, if actual POz was very high (50-60 kPa).
During both this analysis and the patient studies, the second plateau was chosen as the correct Pih. Figure 2 shows the relationship between this measured blood PO 2 and the Po 2 of the gas with which the blood was tonometered. Therefore, a further correction, derived from figure 2, was applied to all arterial PCh values in excess of 11.4 kPa.
Alveolar POi was calculated from the simplified equation: Actual/F IG. 2. Performance of the electrode system used in this study, with measured blood POi plotted against the ft>2 of gas with which the blood had been equilibrated (abscissa). Bars show 2 SEM.
PAO2 = PlCh ~ PCO2IO.&
0.8 being the assumed value for the respiratory exchange ratio. Virtual shunt fraction was then calculated from the miving equation using the blood-gas values, the oxyhaemoglobin dissociation curve and the patient's haemoglobin concentration measured before the investigation. When mixed venous blood was available, this was substituted for an assumed value and shunts so calculated are designated as true shunt fractions.
RESULTS
The relationship between FIO2 and PaOi for the ascending and descending limbs are shown in figure  3 , with results divided into those in which the shunt appears to decrease at the highest values of FIO2 (A), remain fairly constant (B) or increase (C). Descending limbs have been omitted from (B) for clarity of the diagram. However, the relationship between points is difficult to discern because of the curvature of the iso-shunt lines and the results are more clearly shown by direct calculation of the virtual shunt fraction for each Flo^ (table II, fig. 4) . Individual values are shown in figure 4 , the direction of the investigation being from left to right, that is, increasing F102 followed by decreasing .Flo?- Figure 5 shows mean values presented as a histogram of virtual shunt (as percentage of virtual shunt measured at Flo 2 = 1.0) plotted against Flo^. Using the t test for unpaired data, in figure 5, virtual shunt differs significantly from that measured when breathing 100% oxygen only in the 0.2-0.3 FIO2 bands (P<0.001). The 0.2-0.3 bands include only the patients with the lowest virtual shunts and contain only three patients (Nos 17, 18, 24) in the ascending limb and two patients (Nos 15, 17) in the descending limb. There is no significant difference between values for virtual shunt during the ascending and descending parts of the investigation. Figure 6 shows a plot for two patients (Nos 2(i) and 3) in whom actual shunt values are available. In one patient (3) shunt remains fairly constant, while in the other (2 (i)) the shunt decreased progressively during the investigation. 
DISCUSSION
We have found no evidence for increased shunting following a period of exposure to 100% oxygen as might be anticipated from the theoretical possibility of absorption collapse. Although the data for mean shunt in figure 5 show a remarkable constancy in the calculated values, they conceal individual differences which are most clearly shown in figure 3 , where patients showing decreasing and increasing shunts at high Flc>2 have been separated. The former group suggests areas of low but not zero ventilation/perfusion (V/Q) ratio in which the oxygenation of blood improves when nitrogen is entirely eliminated, while the latter suggest the development of the so-called "hyperoxic shunt" which is explained on the basis of loss of hypoxic pulmonary vasoconstrictor effect. King and colleagues (1974) (figs 7 and 8A) showed evidence of a decreasing virtual shunt as Flo 2 was increased. These patients had a very severe disorder of pulmonary function, and although the investigators attributed the impaired oxygenation in these patients to a severe impairment of diffusing capacity, the results might also be explained by the presence of zones of lung with low but finite ventilation/perfusion ratios. Suwa (1977) , and Suwa and colleagues (1972) conducted an investigation of mechanically ventilated patients, which showed that virtual shunt appeared to increase with increasing Fl<>2 (figs 7 and 8B). However, their patients received each different inspired oxygen concentration for only 6 min, during both ascending and descending parts of the investigation. Although they were ventilated with 100% oxygen for 20 min, they received a sigh and tracheobronchial toilet during this period. The arterial Jth for a given Flty was calculated as the mean of values measured during the ascending and the descending parts of the study. Failure of equilibration with a new value for FlOi during 6 min may account for some of the differences in our results. Kerr (1975) studied a large series of patients apparently similar to our own. In figure 3 (D, E, F) we have grouped his results in the same manner as our own results and they appear broadly similar. He has a rather larger number of patients showing the hyperoxic shunt (F), but still a large number (E) in which the iso-shunt lines are followed reasonably well. Furthermore, he has a smaller group in which the shunt decreased (D) than in our series. This is reflected in the mean value for shunt which shows a tendency to increase with increasing Flfy (fig-7) -
The results of a more recent series by Drummond and Zhong (1983) appear to follow iso-shunt lines reasonably well and without any consistent trend towards hyperoxic shunts ( fig. 8C) . A series briefly reported by Tonnesen and co-workers (1977) follows iso-shunt curves over the two values of .R02 which they studied (continuous line in fig. 8D ). For normal subjects, there are significant differences in shunt at different values of FIO2 but these are scarcely discernible on an iso-shunt plot ( fig. 8A ).
It remains to consider possible explanations for differences in the various studies. A major factor seems to be the possibility of underestimation of arterial Pc^ using semi-automatic blood-gas analysers which are calibrated between values of zero and 11.4 kPa. This is appropriate for the range of clinically relevant arterial FO2 values, but is unsatisfactory for the measurement of high values where it contravenes the basic rule that a measured value should lie between two calibration points. We have overcome this problem by analysing tonometered blood and applying a correction factor based on figure 2. The correction is substantial and, had we not applied it, we should have erroneously demonstrated a hyperoxic shunt in most patients. This was recognized by Reines and Civetta (1979) , who ob- tained a calibration curve very similar to our own. Figure 8D shows their two-point plots with and without the correction of the high PQ^ values. Although they still show a small tendency to a hyperoxic shunt, the effect would have been very much greater without correction. Drummond and Zhong (1983) , whose results agree very closely with our own, noted that "at greater PO2 values the response of the electrode was less than would have been predicted by extrapolation from the lower fth values" and applied a correction of 10% for values of Pfy greater than 4kPa. Suwa (1977) measured arterial PO2 with a Radiometer BMS-3, but gave no details of calibration at high FO2 values. Kerr (1975) applied a constant correc- tion factor of 1.04 to all measurements of blood PO2 following calibration on gas. Thus, it would appear that concordance between observed values and calculated iso-shunt curves may be related to correction for the under-reading of certain electrodes at high values of blood PO2 • A second factor is the time required for equilibration of the patient to a new value of FlQi-If this is unduly prolonged, the basic state of the pulmonary circulation may change spontaneously and, in particular, secretions may accumulate. For this reason we compromised on 20 min, but recent unpublished observations by one of us (PGPL) indicate that arterial PO2 continues to change for at least 30 min after a change in the degree of PEEP. Suwa (1977) allowed only 6 min while Kerr (1975) and Drummond and Zhong (1983) both allowed 30 min.
A third factor which may account for differences in the studies is the clinical material which we studied. King and colleagues (1974) studied five patients with a very severe defect of oxygenation, not comparable with any of the other studies. Kerr's patients tended to have smaller shunts than in our series. All our patients had an indwelling arterial cannula for clinical purposes, and this may have biased our selection of patients.
In two of our patients both actual and virtual shunt were measured ( fig. 6) . One of these patients followed an iso-shunt pattern fairly closely while, in the other, shunt decreased progressively during the investigation. There was evidence of a decrease in the cardiac output during this investigation, shown by an increase in arterial-mixed venous oxygen content difference of approximately 20% from beginning to end of the investigation. It is known that such a change can alter the distribution of pulmonary blood flow and, thus, decrease the shunt in patients with respiratory failure (Dantzker, Lynch and Weg, 1980) . The measured shunts were considerably larger than the "virtual" shunts indicating a decrease in cardiac output, but not invalidating the predicted relationship between arterial ft>2 and inspired oxygen concentrations.
Changes in cardiac output alter the significance of virtual shunt calculations and, although in none of our patients were there obvious changes, subtle changes in cardiac output may have occurred, particularly as each investigation would last around 120 min. Increased Pao?. itself is said to have little effect upon the cardiac output in normal subjects (Wade and Bishop, 1962 ) although this may not be applicable to our patients, particularly when their starting Pao2 may be low.
Carbon dioxide is a potent inotrope, but in no patient did PacOj change by more than ±0.5kPa. In any case, large changes in cardiac output may be needed to explain the relative constancy of the virtual shunt in many of our patients. Changes in cardiac output of the order of ± 10% have little effect upon the shunt calculation.
The iso-shunt diagram is a simplification intended for practical day-to-day control of the arterial P&i. It rests on assumptions which clearly may not apply to various patients from time-to-time. Nevertheless, in practice, the inaccuracies are insufficient to invalidate the use of the iso-shunt diagram for the purpose for which it was intended. We have not found that a hyperoxic shunt is a general feature of breathing 100% oxygen in the patients we have studied, and we suggest that this finding in some previous studies may have been partly the result of a decrease in the response of the polarographic electrode when measuring high values of blood PO2. Our data indicate that deductions regarding the optimal FlQh can also be made after measurement of arterial PO2 while breathing 100% oxygen provided that correction is made for the response of the electrode. However, a more accurate deduction can clearly be made if the trial PI02 is closer to the optimal FIO2 and calculation of the required correction is then greatly facilitated by use of the iso-shunt diagram. Although the general trend is for values of arterial POi to follow the relationship to inspired oxygen concentration indicated by the iso-shunt lines, there are, as in all biological variables, individual variations and these must be borne in mind by the clinician. 
